~" The effects of hypothermia and h3-perthermia on the cerebral microcirculation were studied using isolated perfused intracerebral (parenchymal) arterioles obtained from rats. In a temperaturc-dependent manner, hypothermia (20.0 ~ to 35.0~ dilated the spontaneous tone developed by the arterioles and also diminished their contractile response to potassium and prostaglandin Fz,,. In contrast, hyperthermia (40.0 ~ to 45.0~ induced a biphasic response consisting of initial vasoconstriction and secondary vasodilation. Exposure of the vessels to 45.0"C for 30 minutes irreversibly abolished the spontaneous tone and responsiveness of the arterioles when the temperature of the preparation was returned to 37.50C. In calcium-free solutions, however, the arteriolar diameter was not affected within a temperature range of 20.0 ~ to 450C. Furthermore, arterioles that had been in a calcium-free solution during exposure to 45"C temperature recovered their viability at 37.50C. These results suggest that changes in ambient temperature alter calcium-induced contraction in arteriolar smooth muscle, and that the irreversible effects of hyperthermia on the arterioles are dependent upon extracellular calcium. These studies indicate that alterations in brain temperature may affect the pathogenesis of cerebral ischemia by mechanisms that are in part independent of parenchymal metabolism.
KEY WORDS 9 calcium ' cerebral blood flow microcirculation hyperthermia hypothermia 9 vascular-smooth muscle ' rat F LUCTUATIONS of brain temperature may account in part for the variability observed in the extent of tissue injury in global and focal cerebral ischemia. Hypothermia appears to increase hypoxic survival time and hyperthermia to decrease it. 2'23 Hypothermic therapy of cerebral ischemia prevents or substantially reduces acute brain injury secondary to systemic hypoxia, hypotension, or cardiac arrest. 3'5' 23 Profound hypothermia and circulatory arrest are used effectively in cardiac surgery and in the surgical repair of some giant intracranial aneurysms. 22 It has also been suggested that regional brain hypothermia may contribute to cerebral protection? ,~5 Despite the observations that hypothermia induces adaptive alterations in cerebral blood flow (CBF), energy metabolism, and free fatty acids, 1~ the protective mechanisms of brain hypothermia have not been fully elucidated.
In contrast, brain hyperthermia has been advocated as a modality for the treatment of malignant cerebral tumors, either alone or in combination with interstitial brachytherapy. Although the use of hyperthermia for malignant brain tumor is constrained by a relatively narrow therapeutic index and considerable thermal sensitivity of normal neural tissue, focal brain hypenhermia can be produced using ultrasound and radiofrequency generators. ~7 At temperatures above 42.5"C, hyperthermia appears to be cytotoxic to mammalian cells in a graded time/temperature-and cell-cycle dependent manner. 17 The safe and effective use of hyperthermia in the treatment of brain tumors requires a search for the optimal temperature for tumor-cell killing without causing injury to adjacent non-neoplastic neurons, glia, and cerebral vessels.
Most studies of alterations in brain temperature have focused on the metabolic consequences of temperature change. Little information has been available with regard to the effects of temperature on isolated segments of the cerebral microcirculation. The present study was conducted in an effort to further understand the intrinsic vascular response to alterations in brain temperature independent of the effects of brain metabolism and metabolic intermediaries, such as the hydrogen ion and adenosine, on the alteration of cerebrovascular resistance.
Materials and Methods

Isolation and Cannulation of Vessels
Animal experimentation was conducted in conformity with the American Physiological Society's "Guiding Principles for the Care and Use of Animals." Methods for the isolation and cannulation techniques have been described in detail previously. 6'7 Briefly, penetrating intracerebral arterioles, 30 to 70 um in diameter, were surgically isolated from the first (MI) portion of the middle cerebral artery in the brain of pentobarbitalanesthetized male Sprague-Dawley rats, each weighing 300 to 400 gin. The vessel segments were transferred to a temperature-controlled chamber on the stage of an inverted microscope and were cannulated using glass pipettes. Transmural pressure was then set at 60 mm Hg via the cannulating pipettes and was monitored continuously with a pressure transducer.* Leaks from any part of this perfusion system were carefully checked and the experiments were continued only in leak-free vessels. Vessel diameters were determined by means of a video dimensional analysis system.? The bath temperature was brought to 37.5*C and the vessels were allowed to equilibrate over a period of approximately 45 minutes at an intraluminal and extraluminal fluid pH of 7.3. During this period, the vessels developed spontaneous tone, contracting to 60% to 70% of their maximum passive diameter.
Perfusion and Bath Solutions
The physiological salt solution (PSS) used in this preparation was modified Ringer's solution with a composition as follows (in raM): NaC1 144, KCI 3.0, CaCI2 2.5, MgSO4 1.5, glucose 5, pyruvate 2, ethylenediaminetetra-acetic acid 0.02, 3-[N-morpholino] propanesulfonic acid 2.0, and NaH2PO 1.21. A solution free of Ca ++ was obtained by omitting CaCI2 from the PSS, substituting an equimolar amount of NaC1 and adding 0.5 mM ethylene glucol-bis(3-aminoethyl ether) N,N,N',N'-tetra-acetic acid. Bovine serum albumin (1 gm/100 ml) was added to the PSS for the intraluminal solution, which was maintained at pH 7.3 for all experiments. The extraluminal solution contained no albumin and the pH was varied from 6.8 to 7.6. Bath temperature was precisely maintained by means of a thermocontroller.
Control vessel diameter was defined as the diameter to which the vessels spontaneously contracted during the equilibration period in a bath solution of pH 7.3. Responsiveness of the vessel was then assessed by changing the extraluminal pH from 7.3 to 6.8 and from 7.3 to 7.6. Vessels that showed weak responses (< 15% of the control diameter) were discarded at this stage. K. Ogura, M. Takayasu, and R. G. Dacey, Jr.
Effects of Temperature on Solution pH
The effect of temperature on the PSS buffer system and solution pH was measured at temperatures varying from 20.0* to 45.0"C. The temperature was changed as described above and the pH of the chamber fluid was directly monitored by means of a pH electrode.z~
Effects of Hypothermia
In the initial experiments, the effects of hypothermia on the reactivity of intracerebral arterioles were examined. The temperature of the bath solutions (PSS) was decreased sequentially from 37.5 ~ to 35 ~ 33 ~ 30", 25 ~ and 20~ Vessel diameter was allowed to stabilize for 4 to 5 minutes between each change in temperature. Next, bath solutions were changed to Ca++-free PSS at 37.5"C and temperature-response curves for the arterioles were determined in a similar manner.
Reactivity of the vessels to hydrogen ion was assessed by changing the extraluminal pH from 7.3 to 7.6 and from 7.3 to 6.8 at temperatures of 37.5 ~ 30 ~ and 20~ Responsiveness was expressed as a percentage of control diameter at each temperature.
The temperature of bath solutions was changed from 37.5 ~ to either 30* or 20"C. At each temperature (37.5", 30.0* and 20.0"C), 10 -4 M prostaglandin F2,, (PGF2,) and 120 mM KC1 were applied to the organ bath. The maximum constrictions induced by these agents were compared in the three temperature groups. Vessel diameter at each temperature was expressed as a percentage of control at 37.5~
Effects of Hyperthermia
In subsequent experiments, the effects of hyperthermia on intracerebral arterioles were studied. Bath solution temperatures were increased from 37.5 ~ to either 40.0 ~ 42.5", or 45.0~ After the vessel diameter was stabilized for 30 minutes at each high temperature (40.0 ~ 42.5", and 45.0"C), the reactivity to pH change was assessed and the bath temperature was returned to 37.5"C. Changes in vessel diameter were continuously monitored over those periods. The effect of 45.0"C hyperthermia on the arterioles was also studied in Ca *+-free PSS.
Statistical A nalysis
Group mean diameters for each temperature, expressed as a percentage (mean _+ standard error of the mean) of the control diameter, were first compared by one-way analysis of variance and subsequently by ScheWe's test. 3~ Comparisons of responsiveness between control and hypothermia-or hyperthermia-induced responses were made using the non-parametric Wilcoxon signed-rank test. 2~ The level of significance was p < 0.05.
Electrode manufactured by Corning Glass Works, Elmira, New York. 1" ANOVA = analysis of variance: p values are given in parentheses; NS = no significant difference.
Results
The mean control vessel diameter was 49.4 + 1.7 ~m for 30 vessels. Overall, at 37.50C, the vessels dilated to 128.4% _+ 1.7% of the control diameter when the extraluminal solution pH was lowered to 6.8, and constricted to 77.5% +_ 0.9% of the control diameter when the pH was raised to 7.6. Control diameters and pH responses were not significantly different among vessels used in the experiments for hypothermia and hyperthermia ( Table 1) .
Effects of Temperature on Solution pH
Over the range of temperatures from 20.0* to 45.0"C, the pH of the PSS decreased as the temperature increased. The difference in the pH value of the PSS between 20.0 ~ and 45.0~ was approximately 0.2 ( Fig. 1) .
Effects of Hypothermia
When the bath temperature was decreased from 37.5 ~ to 20.0~ intracerebral arterioles dilated significantly (p = 0.0001), in a temperature-dependent manner, to a maximum (at 25"C) of 146.3% + 3.7% of the control diameter obtained at 37.5"C. The threshold for this effect was 30~ (Fig. 2 left) . These dilations occurred immediately and were stable at each low temperature. When the bath temperature was returned from 20.0 ~ to 37.50C, vessel diameters decreased and recovered to control diameter at 37.5~ No transient change was recognized during rewarming. In Ca++-free PSS, intracerebral arterioles significantly dilated to 147.4% _+ 3.3% of control diameter at 37.5~ A decrease in bath temperature produced no further significant change in vessel diameter (Fig. 2 right) .
At 37.5~ vessels dilated to 123.3% ___ 2.2% when the bath solution pH was decreased to 6.8 (five vessels) and constricted to 78.7% _+ 0.7% when the pH was increased to 7.6 (five vessels). At a bath temperature of 30.0"C, vessels dilated to 109.5% ___ 1.9% of the control diameter at the same temperature in response to extraluminal pH 6.8 and constricted to 86.0% + 3.8% of control diameter in response to pH 7.6. At a bath temperature of 20~ vessel diameters showed no significant change in response to a pH of either 6.8 or 7.6. Thus, arteriolar reactivity to change in pH was significantly suppressed with a decrease in bath temperature (Fig. 3) . These responses recovered to control levels when the bath temperature was returned to 37.5~ At a bath temperature of 37.5~ PGF2, (10 -4 M) and KCI (120 mM) produced significant constrictions, reaching 52.4% ___ 4.1% and 65.3% ___ 2.8% of the control diameter, respectively (Fig. 4) . At a temperature of 30.0"C, the degree of constriction induced by both agents was significantly less (p < 0.05; PGF2, 103.3% -4-7.8% and KCI 116.6% _+ 3.0% of control diameter at 37.5"C)compared with the responses elicited by these agents at 37.5"C (Fig. 4) . However, both PGF2, and KC1 elicited significant constriction in the arterioles relative to control diameter even at 30.0"C. At 20.0"C, PGF2, (10 -4 M) failed to produce significant constriction from the hypothermia-induced dilation (147.1% _ 4.0%). On the other hand, KC1 (120 mM) significantly (p < 0.05) constricted intracerebral arterioles even at 20.0*C (Fig. 4) .
Effects of Hyperthermia
In response to hyperthermia, intracerebral arterioles showed a biphasic response: initial constriction and secondary dilation at 40.0 ~ 42.5", and 45.0~ (Fig. 5) . The arterioles significantly constricted within 2 to 3 minutes after reaching each hyperthermic temperature and then dilated gradually in the subsequent 15 minutes. The initial arteriolar constrictions were 72.0% + 2.6% of control at 40.0"C, 59.7% _+ 3.4% of control at 42.5"C, and 30.7% ___ 3.0% of control at 45.0*C, respectively. These values were significantly different (p < 0.05; Fig. 6 ) and temperature-dependent. The subsequent maximum dilations were 117.7% + 3.2% of control at 40.0"C, 125.5% _+ 4.9% of control at 42.5"C, and 130.8% + 1.0% of control at 45.0"C, respectively. These values were not significantly different (p > 0.05; Fig. 6 ). The secondary dilations were comparatively stable for 15 minutes (Fig. 5) . During the period of secondary vasodilation, change in the solution pH from 7.3 to 7.6 constricted intracerebral arterioles to 75.0% standard error of the mean; vessel diameters are expressed as a percentage of control diameter at pH 7.3 and a temperature of 37.5"C. At a temperature of 45.0~ vessel diameters were also studied in Ca++-free solutions (C). + 3.9% at 40.0"C, and 79.5% + 4.1% at 42.5"C, respectively. These values were not significantly different from the degree of constriction induced at 37.5"C (Fig. 7) . The degree of dilation induced at 40.0* and 42.5"C by the pH change from 7.3 to 6.8 was significantly smaller (p < 0.05) than those observed at 37.5"C (Fig. 7) . At 45.0"C, secondary vasodilation was not affected by the alteration in extraluminal pH. In other words, the vessels lost pH reactivity at 45.0"C.
When bath temperature was returned to 37.5"C, vessels that had been exposed to a temperature of 40.0* or 42.5~ showed significant transient dilations (138.1% _+ 4.1% of control after 40.0~ and 139.6% + 5.0% of control after 42.5"C) and gradually recovered their spontaneous tone. The vessel diameter then returned to the control level at 37.5"C after hyperthermia to 40.0"C, but not completely after exposure to 42.5"C in the subsequent 60 minutes. In contrast, after exposure to 45.0"C hyperthermia, the intracerebral arterioles maintained the secondary vasodilation and completely lost spontaneous tone as well as reactivity to pH change in the subsequent 60 minutes at 37.5~ In other words, the vessels appeared to lose their viability after exposure to hyperthermia of 45.0"C. In Ca+ § PSS, vessels dilated to 147.4% _+ 3.3% of control diameter at 37,5"C and a subsequent increase in bath temperature produced neither significant constriction nor dilation of the vessels. The dilations were maintained for 30 minutes at 45.0*C. Then, when the bath solutions were replaced with the PSS containing Ca ++ at 37.5"C, cerebral arterioles gradually recovered spontaneous tone during the subsequent 60 minutes and again responded to extraluminal pH change.
Discussion
The present study demonstrates that a change in ambient temperature from 37.5"C significantly affects both the spontaneous tone and reactivity of intracerebral arterioles in vitro.
These results are unlikely to be due to temperatureinduced alterations in solution pH for two reasons. First, a reduction in ambient temperature was associated with vasodilation, but with little observed increase in pH. If anything, such a solution pH increase would have been expected to cause a small degree of vasoconstriction. Second, the range of diameter changes induced by alterations in ambient temperature far exceeded what could be expected with a change in pH of 0.1 to 0.2.
Effects of Hypothermia
Hypothermia has a marked vasodilator effect on intracerebral arterioles of rats in vitro. A depression of contractile responses with cooling has been described for various vessels ts'28 and heterogeneity in the thermosensitivity of vessels from different sites is well recognized. 2s In the present study, intracerebral arterioles, which had developed spontaneous tone, dilated with a reduction in temperature, reaching maximum dilations of 146.3% _ 3.7% of control diameter at 25.0~ At this temperature, vessel diameters were passively maintained near their potential maximum values. The hypothermic vasodilations were rapidly produced and characteristically reversible; after rewarming, the vessel diameter returned to control immediately without the transient changes.
Hypothermia (30.0 ~ and 20.0~ inhibited the constrictions induced by either KCI (120 mM) or PGF2, (10 -4 M). The results suggest that hypothermia could interfere with the mobility of calcium both at vascular smooth-muscle cell membranes and from intracellular stores since PGF2,, is known to utilize not only extracellular calcium but also intracellular calcium. ~9 Systemic hypothermia reduces regional CBF (rCBF) in the brain in situ. Cerebral blood flow decreases in direct proportion to the reduction in body temperature at a rate of about 7% per I*CJ 6 Hoffman, et al., ~ demonstrated that the hypothermia-induced reductions in rCBF in the hypothalamus and brain stem were smaller than those in the cerebral and cerebellar cortex, and that there might be regional differences in cerebrovascular responses to hypothermia. Hypothermia decreases cerebral metabolic rates (CMR) for oxygen, glucose, and lactate. ~4'~'24 In addition, cardiac output, arterial blood pressure, and heart rate are all decreased at 200 to 25"C. ~'4~ Chen and Chien 4 reported that hypothermia increased blood viscosity, and that this increase could contribute to an increase in systemic flow resistance. Therefore, the decrease in CBF produced by systemic hypothermia could conceivably be due to secondary effects based on a reduction in CMR, a decrease in cardiac output, or an increase in blood viscosity. While cerebrovascular resistance is thought to be increased by systemic hypothermia, little has been known about the direct vascular effects of focal cerebral hypothermia. In the present study, isolated intracerebral arterioles dilated in response to hypothermia in vitro, suggesting that the direct vascular effect of low temperature is to decrease vascular resistance. It is therefore also conceivable that focal hypothermia might act on the cerebral microcirculation in a way that is independent of mechanisms that occur in systemic hypothermia.
The beneficial effect of hypothermia has been attributed mainly to a decrease in brain energy demand, energy failure during the ischemic insult, or both. However, it has been suggested that the protective effect is not necessarily due to a reduction in CMR. 3'~5 Minamisawa, et al., ~5 suggested that hypothermia might impair cell membrane functions that are critical to the development of ischemic brain damage. Therefore, more than one mechanism might be involved in the protective effect of hypothermia. Increased calcium cycling across ischemia-damaged membranes may lead to a sustained rise in the cytosolie calcium concentration, thereby causing neuronal death. 2~ It appears likely that hypothermia favorably affects the postischemic cerebral hypoperfusion state as well as intracellular calcium metabolism.
Effects of Hyperthermia
In contrast to the effects of hypothermia, hyperthermia in the present study induced a biphasic response in intracerebral arterioles: initial vasoconstriction and secondary vasodilation. The initial constriction occurred within 3 minutes at each hyperthermic temperature and was followed by secondary vasodilation in the subsequent 15 minutes. Although little data exist on alterations in the reactivity of cerebral vessels produced by hyperthermia, our results are similar to the findings of Eddy, ~ who observed that hyperthermia at 41" to 45~ produced immediate vasoconstriction, followed by vasodilation, in the microvasculature of squamous-cell carcinoma. The degree of initial vasoconstriction in that study was temperature-dependent and reached a maximum at 45~ The secondary vasodilation was comparatively stable at all temperatures over a period of 15 minutes. Emami, et al.fl reported that hyperthermia-produced pathological changes in the microvasculature of rat rhabdomyosarcoma consisted of marked dilation and congestion at 42~ and massive hemorrhage and necrosis with rupture of vessel walls at 44.5"C. Hyperthermia increases CBF and decreases oxygen consumption of rat cortex. 17 Beyond several minutes, the long-term effect of hyperthermia on cerebral arterioles appears to be vasodilation.
In Ca++-free solutions, however, intracerebral arterioles neither constricted nor dilated in response to temperatures up to 45.00C. We conclude, therefore, that the mechanism of the biphasic response induced by hyperthermia is related to the Ca ++ activity in arteriolar smooth muscle. Calcium activity is extremely dependent on extraceilular calcium in cerebrovascular smooth muscle. 26 Cheng 5 has demonstrated that hyperthermia induces an efflux of calcium from intracellular calcium stores, such as the endoplasmic reticulum. It is likely that the initial constriction is induced by an increase in the intracellular calcium concentration through both intracellular calcium release and an influx of extracellular calcium. In our study, during the period of secondary vasodilation at 40 ~ to 42.5"C, cerebral arterioles responded to alterations in extraluminal pH. However, the degree of dilation in response to pH 6.8 was significantly suppressed at 40.0 ~ to 42.50C as compared to that observed at 37.5~ while the degree of constriction in response to pH 7.6 was not significantly different from that seen at 37.5~ These data suggest that hyperthermia maintains the increase in intracellular Ca +* activity during the period of the secondary vasodilation, thereby inhibiting only the dilator response to low pH.
When the temperature was returned to 37.5~ from 40.0" or 42.5 oC, cerebral arterioles exhibited further transient dilation. The results indicate that the increased intracellular Ca +* activity decreased, or that an efflux of Ca ++ to extracellular space occurred when the temperature was returned to 37.5"C. Arterioles that had been exposed to 40.0"C gradually recovered spontaneous tone and reactivity, suggesting that exposure to 40.0"C for 30 minutes does not produce irreversible changes in arteriolar reactivity. However, after hyperthermia to 42.5~ the vessel diameter did not completely return to control level after 60 minutes at 37.5~ although some spontaneous tone was recovered. It is likely that some irreversible changes in arteriolar reactivity are produced at temperatures of 42.5"C.
In contrast, the effects of 45"C hyperthermia for 30 minutes on intracerebral arterioles appeared to be irreversible, since the arterioles completely lost spontaneous tone and reactivity even after the temperature was returned to 37.5~ Irreversible changes may result from damage to both smooth-muscle cells and endothelial cells. It has been reported that the threshold for thermal damage to the central nervous system, to the bloodbrain barrier, and to vascular endothelium is approximately 42.5"C. 9'17"29 Temperatures above 42* or 43~ produce progressive erythrocyte deformation, vascular stasis, and endothelial thermal damage. 9, 29 Hyperthermia produced in Ca+ § PSS was not associated with the irreversible effects produced by 45~ hyperthermia. Arterioles which had been in Ca++-free solution during exposure to 45.0"C recovered spontaneous tone and reactivity in about 30 minutes when returned to 37.5*C. The results suggest that the irreversible effect of 45.0"C hyperthermia on the arterioles is dependent upon extracellular calcium. A high intracellular free calcium level disrupts normal cell metabolism and ultimately causes cell death. 27 Elevated levels of calcium in the cell appear to constitute the final common pathway of cell injury. Hyperthermia causes a large increase in intracellular free calcium, 25 and plays a major role both in cell killing and the induction of heat shock proteins. ~2 Also, the cell membrane is believed to be an important target in hyperthermia-induced cell injury and may undergo irreversible structural alterations after mild hyperthermic exposure in the range 41" to 45"C. t3 These alterations change membrane function and appear to be involved in hyperthermic cell killing and radio-or chemosensitization of mammalian cells? 3 Furthermore, changes in membrane function may also generate molecular effectors that increase cellular Ca ++ levels. 2s The present results suggest that exposure of intracerebral arterioles to high temperatures (approximately 45.0~ induces lethal increases in the intracellular Ca + § concentration.
